Use of Airborne Geophysical Data
It is natural that Australia should concentrate on remotely sensed techniques for mapping, monitoring, predicting and managing salinity. With expansive areas of land already becoming saline and potentially millions of hectares more at risk, cost effective broad scale techniques must be found to tackle these problems.
Limited research has been undertaken in Australia to determine the possible application of airborne geophysical measurements to dryland salinity management and understanding. This research has primarily been concerned with the identification of high conductivity areas which may suggest the presence of groundwater salt, and the detection of geological features which influence the flow of this groundwater.
The following review of publications (Newnham et al., 1998) outlines airborne geophysical research completed in Australia which is applicable to the understanding and management of dryland salinity. The technologies that have been investigated are those that relate to airborne electromagnetics, magnetics and radiometrics.
Airborne Time Domain Electromagnetic Surveys
Airborne Time Domain or Transient Electromagnetic systems can induce a current in conductive material, such as saline ground water, through rapid termination of a current passing through an airborne transmitter loop (O'Neill, 1997) . The secondary current produced is proportional to the time rate of change of the primary magnetic field (De Broekert, 1996) . The decay of the secondary current is dependent on the structure and physical properties of the conductive material it flows through. By measuring the magnetic field produced by the secondary current using an airborne receiver coil, this decay is recorded over time on a decay curve.
Slow decay rates in the secondary electromagnetic field indicate high conductivity in the subsurface while rapid decay rates indicate low conductivity. Rapid decay evident early in the decay curve, a short time after the termination of the primary current, is primarily due to conductive material near the surface, while rapid decay late in the decay curve is usually due to conductive material deep in the regolith. Unfortunately the depth to which electromagnetic response refers is dependent not only on the delay time of the measured response but also on the bulk conductivity of the measured material. This leads to difficulties in the estimation of the depth to a conductor. Decay curves are analysed by digitally fitting their shape to a look up table of modeled responses, designed to represent probable field situations (De Broekert, 1996) . The manner in which the position and shape of conductive material is described is dependent on the model used. In salinity related studies the homogeneous halfspace and thin sheet models are in common use as responses from salt affected land appear to correspond well with these modeled responses. A description of a number of models used in the analysis of electromagnetic induction surveys are contained in De Broekert (1996) .
A number of electromagnetic surveys were performed in the mid eighties using the Geoterrex Pty Ltd owned INPUT V time domain system. Some success was achieved in the mapping of bulk salinity distribution although limitations in the system's sensitivity to the shallow soil salinity distribution were recognised (Butt, 1985) .
The Australian SIROTEM system developed by the CSIRO Division of Mineral Physics and Mineralogy, has been used extensively for ground based salinity detection. A trial of the system mounted in an Airship was carried out over northern Victoria with problems being encountered due to navigational errors (Cull, 1989) .
The most commonly used and documented time domain electromagnetic instrument in salinity related studies has been the World Geoscience Corporation Ltd owned QUESTEM instrument which was developed from the INPUT system (De Broekert, 1996) . Nulsen (1992a) reported on a survey using the QUESTEM system in the East Yornaning. He concluded that airborne magnetics provide information on geological structures that may influence the hydrology of catchments, while airborne electromagnetic surveys provide information about the distribution of stored salt. He further recognised that geophysical data is of limited value without considering other land resource data sets such as topography, soils and cadastral boundaries. Anderson et al. (1993) described a survey using the QUESTEM system in two catchments in Tasmania. The results of both surveys were compared with ground based electromagnetics. Conclusions were drawn that the QUESTEM system could differentiate between conductors at different depths but only in a gross, qualitative manner. described the QUESTEM survey near the township of Wanilla on the lower Eyre Peninsula in South Australia. Results indicated that topography had the most significant impact on conductivity distribution. Street concluded that a combination of magnetic, EM and topography data can be used to predict areas which are at risk of becoming saline in the future.
Baxter (1994) discussed a 1993 airborne geophysical surveys performed in the Tragowel Plains area of the lower Loddon-Campaspe catchment. The survey used the QUESTEM system and concluded that apparent conductivity was a complex relationship between soil type, soil moisture, temperature and salt content. The major problem with EM was the poor vertical discrimination of the depth-conductivity profile which in his view frequency domain systems were unlikely to overcome. George et al. (1994) described different methods for geophysical data collection such as ground and airborne magnetometers and electromagnetic induction, and ground based radiometrics. Western Australian sites where airborne geophysics were being evaluated were listed. The QUESTEM system has been shown to be useful in detecting environments with deep regolith and deep salt storage but less useful where bedrock highs cause saline discharge. SALTMAP system trials in the East Yornaning catchment have been performed and the system has been shown to detect shallow salinity. Odins et al. (1995) described an airborne EM survey flown over the Jemalong-Wyldes Plains area, NSW using the QUESTEM system. It was concluded that the airborne TEM apparent conductance collected could be used to subdivide the Jemalong-Wyldes Plains catchment into high, medium and low salinity risk areas. Ground geophysical data were necessary for quantitative assessment of the appearance, depth and thickness of salt zones. Anderson et al. (1996) describe a QUESTEM survey of the Kent and Frankland River catchments in south west Western Australia in 1992. During 1993/94, these data was combined with airborne magnetic, topographic, and known salinity and waterlogging outbreak data to analyse the correlation between the various data types. Site investigations were also made involving field observations, ground electromagnetics and drilling. It was concluded from the correlation witnessed that subsurface conditions as determined by the airborne data have a significant influence on the development of soil salinity problems. It was further noted that there was no direct correlation between surface salinity and high apparent conductance. This has lead to the suggestion that airborne EM data interpretation should be used as a means to focus ground data collection on areas assessed to be of interest rather than treating this data as a definitive description of the extent of dryland salinity.
An extensive report written by De Broekert (1996) discussed the use of QUESTEM data for salinity studies in the East Yornaning catchment. It was determined that QUESTEM was able to measure the conductivity thickness product or salt storage of the regolith and that the regolith salinity was directly related to its electrical conductivity. It was concluded that QUESTEM gave useful information about salt storage but not about the depth variation in salinity or regolith thickness.
Airborne Frequency Domain Electromagnetic Surveys
In a similar manner to time domain instruments, frequency domain electromagnetic induction instruments can induce a current in nearby conductive material using a continuous alternating current. The response of the ground can be measured in terms of modifications in the strength and phase of the primary signal (De Broekert, 1996) . By supplying a primary reference signal to the receiver, the effect of the primary field can be cancelled leaving the ground response to be analysed in terms of an interpretation model. The conductor quality is related to the secondary field phase while the distance to the conductor is related to the signal amplitude.
Frequency domain helicopter systems such as the DIGHEM IV operated by Geoterrex Pty Ltd, have both transmission and receiving coils mounted in a towed bird. These systems usually have comparatively high spatial resolution but are limited in ground penetration, a fact that should not greatly affect their application to land degradation studies. Frequency domain fixed wing systems usually have a similar configuration to time domain systems with the transmitter coil draped around the aircraft and the receiver mounted in a towed bird.
A helicopter-borne DIGHEM IV survey was undertaken at Borrika in the western Murray Basin, South Australia and described by Cook and Kilty (1992) .
Due to the correlation between frequency and the depth of penetration, frequency domain instruments collect multiple frequencies in order to build up a complete picture of the way conductivity varies with depth.
Multiple coil receivers are also used to give a complete vector description of subsurface conductors. For these reasons, recent development in the use of airborne electromagnetic induction for salinity management and understanding have concentrated on developments in the frequency domain.
Due to the emphasis on geological exploration throughout the development of airborne geophysical surveys, systems have tended to be more proficient at gathering information from below the regolith rather than about the regolith itself. The development of SALTMAP, a fixed wing frequency domain system, commenced in
by World Geoscience Corporation Ltd and the CSIRO Division of Exploration Geoscience and Water
Resources. The system is designed with a broad band width which is capable of concentrating measurements four times closer to the ground surface than conventional broadband airborne EM exploration systems .
Although salinity surveys have been completed using the new SALTMAP system, few published articles exist regarding the outcome of these studies. Roberts et al. (1992) describe the development of the SALTMAP system and concentrated specifically on some of the problems associated with the system. Present airborne EM systems can give an average conductivity in the near surface weathered zone, unfortunately in many situations a profile of the vertical distribution of salt would be of greater benefit. The challenge has been to develop a system with sufficient sensitivity to detect subtle conductivity variations in the near surface. This requires a greater system band width, noise immunity and computational power. The traditional transmitted frequency range for EM instruments is 50 Hz to 5 kHz, for SALTMAP this range has been increased almost tenfold, this includes much higher frequencies but also excludes a small proportion of the lower frequencies. Three orthogonal coils are incorporated in the sensor bird to allow three dimensional conductivity to be mapped. Problems that are a direct result of this larger band width are increased coherent noise (navigation transmitters), increased incoherent noise (atmospheric interference) and greater data quantities. Problems are also introduced by changing system geometry as the small detection depth leads to a greater proportional effect on the detected signal due to changing flying height. The three dimensional nature of the sensor also means that a small change in sensor attitude can cause a large change in measured signal response.
Modeling of the broadband frequency domain SALTMAP system was carried out by Buselli and Williamson (1993) to investigate its ability to distinguish common profile types associated with groundwater recharge. It was found that the modeled SALTMAP response could resolve depth, thickness and resistivity of a layer of high salt accumulation. It was therefore concluded that the SALTMAP system could be used to map the three dimensional distribution of accumulated salt and that this accumulation could be related to recharge in the catchment.
Recent developments are mentioned by Street and Roberts (1994) including the first two commercial surveys using SALTMAP which are referred to in the conclusion. The first of these surveys was performed for a group of farmers in the wheatbelt of WA who are seeking to address salinity problems in their catchment. The second survey has been flown in the Lawlers area of central Western Australia for the Cooperative Research Centre for Australian Mineral Exploration Technologies. The aim of this survey is to achieve a greater understanding of regolith processes responsible for a heavy weathered layer which makes mineral exploration difficult. It is noted that World Geoscience Corporation Ltd has had limited experience with SALTMAP but the instrument appears to be yielding significantly more detailed data about near surface processes than QUESTEM.
Airborne Magnetic Surveys
Geological features that influence the flow of ground water are important in the understanding of dryland salinity. The detection of magnetic anomalies has been used extensively to map these features. World
Geoscience Corporation Ltd has collected magnetic data to compliment QUESTEM data, using a Cesium vapor magnetometer (Street and H. Anderson, 1993) . Other than those studies that mention the use of airborne magnetic data collected during QUESTEM salinity surveys, very little Australian literature is available on the subject. George et al (1994) states that the QUESTEM survey in the Towerrinning catchments has shown that flying lower altitudes (60m) gave better results for magnetic detection. For this reason, the altitude needed for the QUESTEM system (120m) compromises the results of magnetic data.
Magnetometer data is collected during the QUESTEM off time as the primary signal can corrupt the magnetic response . This precludes the use of a magnetometer during operation of airborne frequency domain systems such as SALTMAP where the primary signal is generated continuously. O'Neill (1997) found that the airborne magnetic data collected over the Jemalong-Wyldes Plains provided high resolution structural information in areas where the structure is dictated by magnetic lithology while George et al (1994) states that magnetometers have been shown to be a very important tool for predicting groundwater discharge. In a number of situations the geological features shown by these magnetic surveys have been far more complex than existing geological maps (Street, 1991 and O'Neill, 1997) . For this reason, the validity of using small scale magnetic maps such as that discussed by Anfiloff et al (1986) for catchment planning must be questioned.
Airborne Radiometric Surveys
The application of airborne radiometric surveys to salinity studies has not been well documented with only brief mention being made in the literature. World Geoscience Corporation Ltd has used radiometric data collected using a PICODAS PGAM-1000 spectrometer (Street and H. Anderson, 1993) . George et al (1994) describes a number of ground based radiometric surveys to determine soil type, including one study which attempted to delineate palaeo-discharge areas in the eastern wheatbelt with some encouraging results. He also mentions a study by Simon Cook (CSIRO, Floreat) who has evaluated the use of radiometrics for mapping soils in the East Yornaning Catchment. Baxter (1994) 
Study Areas
Given the results from previous studies, the National Airborne Geophysics Project will assess in five selected catchments the contribution that can be made by airborne geophysics data in combination with other data sets already in use for salinity management.
The following criteria were used to guide the selection of the trial areas for the NAGP project:
1.
Availability of existing data. The trial catchments needed to be relatively data rich in datasets that included; bore hole, soils, geology, land-use, vegetation and LANDSAT datasets.
2.
Representativeness of physical parameters to test the system. At the national level the range of catchments selected would need to contain a broad range of physical parameters including terrain types, depth of regolith and geologic conditions to ensure the airborne datasets were tested to their limits.
3.
Representative of the salinity problem. At the national level the range of environmental, economic and socio-economic issues inherent in dryland salinity management would need to be represented by the selected catchments.
4.
Matching contributions by States and the Commonwealth. The value of the airborne geophysics data as measured by its cost of acquisition, needed to be met by an equivalent contribution from the States to ensure a sound program of evaluation, analyses and final reporting.
The four primary catchments for acquisition of airborne geophysics data that best satisfied the selection criteria were Chapman Valley (Western Australia), Liverpool Plains (New South Wales), Willaura (Victoria) and Balfes Creek (Queensland). A fifth site, Toolibin (Western Australia), was also considered desirable, funds permitting. World Geoscience were selected to fly Willaura Creek and Balfes Creek. They were also nominated to fly Toolibin. Geoterrex were nominated to fly Chapman Valley and Liverpool Plains.
Detailed information on the sites, specific State objectives, data acquisition and ancillary data used are given by Beasley et al., 1998 .
Conclusion
Past authors have drawn the conclusion that airborne geophysical measurements do not provide a definitive description of the presence of surface salinity. It can be observed however that these sensor types do provide vital information that can be used, in conjunction with other data sets, to gain a more complete understanding of the processes that are causing dryland salinity in a catchment. This information will undoubtedly help in the efficient and effective management of dryland salinity problems. (Newnham et al., 1998) The NAGP project commenced in March 1997 and is currently in the early stages of its data evaluation. This evaluation will continue through most of 1998 with a series of site-specific reports due by September 1998 and a final report being produced in 1999. The challenge for the project will be to clearly identify the benefits to be obtained by using airborne geophysical data as a value-added data source to the existing suite of salinity management tools. In order to identify these benefits it will also be necessary to discretely identify the costs of doing so. Finally, the project will make recommendations that will permit these data at national, regional and paddock level to be used, or avoided, as appropriate.
